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ABSTRACT

We calculate the partial width for the tree level decay of the Z boson into four mas-
sive fermions at O(a?) and O(a?). Analytic expressions for the helicity amplitudes
are presented. We also present ‘observable’ widths for the case when the fermions
are energetic and well separated, and make a comparison between the massive and
massless matrix elements in this region. We make a direct comparison between
the four fermion decay and the production and decay of the Higgs boson via the
Bjorken mechanism, Z — Hu*u~ — qgu*tp~. Provided the detector resolution
is good, Amgg ~ few GeV, the Higgs signal stands clearly above the four fermion
background for all Higgs boson masses considered.
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1 Introduction

Although the Z boson was first discovered in 1983 [1], it is only recently that its proper-
ties have begun to be studied in detail by experiments at LEP and SLC. With only a few
thousand events, the four LEP experiments have measured the mass, Mz and width, 'z
with & precision that surpasses that previously achieved. As the number of Z events rapidly
increases, new, hitherto unobserved, decay modes will become accessible and may directly
or indirectly hint at new physics. Since new physics tends to manifest itself as multi-particle
final states consisting of the known leptons and hadrons, it is important to have a good

understanding of multi-particle decays within the standard model.

In this paper we will be concerned with the decay of the Z boson into four fermions
described by the generic Feynman diagrams shown in Fig. 1. When the exchanged vector
bosons are either photons or Z bosons, the four fermion decay contributes at O(a?). In prin-
ciple, these decay widths are contained in the Daverveldt Monte Carlo [2,3] which contains a
complete description of four fermion production via e*e™ anmnihilation. Although the original
program {3] contained only the 36 photon exchange graphs, the possibility of exchanging Z
bosons has subsequently been included. This program includes all mass effects and the con-
tributions from multiperipheral diagrams in addition to the annihilation diagrams considered
here. Up to 144 diagrams contribute to the total ete~ — ffff rate and the calculation is
only made possible by determining which amplitudes and classes of diagrams may be safely
neglected for a given momentum configuration without altering the total cross section. Due
to the complexity of the program, it is difficult to extract the contribution from the decay

of the Z boson which we are interested in here.

The particularly interesting decay Z — qgft{~ decay has also been studied in Ref. [4].
This decay is interesting because it may provide a background for the discovery of the Higgs
boson at LEP or SLC. If the Higgs boson is relatively light, Mg < 50 GeV, it may be

copiously produced via the Bjorken process [5],
Z—-HZ* - Hff, (1.1)

which may have a branching rate as large as 1072, Limits from CUSB [6] and other low energy
experiments tend [7] to rule out a Higgs lighter than 3 or 4 GeV, so that the preferred decay
modes of the Higgs are H — 777, ¢ or bb. The signal is then typically a quark pair with



invariant mass mq; ~ my recoiling against the decay products of the virtual Z which tend to
be concentrated at large invariant mass, mg+4- ~ Mz — myg. Although a conclusive analysis
of the signal to background ratio requires a full study of the ete™ — Hff — Fff'f and
e"e™ — fff f processes, a comparison of the bare Z boson decay suggests [8] that the four

fermion decay is not a severe background when the fermions are energetic and well separated.

We organise this paper as follows. In section 2 we use spinor techniques to derive com-
pact analytic expressions for the helicity amplitudes contributing to Z boson decay into four
fermions including all mass effects. By constructing generic helicity amplitudes for the ex-
changed vector bosons, our helicity amplitudes can be applied to both O(a?) and O(a?) four
fermion decay. In the limit of massless fermions, the helicity amplitudes simplify enormously
and lead to a fast approximate form for the matrix elements. We then numerically integrate
the matrix elements over the four particle phase space to obtain the partial widths. Since
there are many singular regions in the phase space, the correct choice of integration vari-
ables is important and these are described in section 3. Our numerical results are contained
in section 4 where we also make a direct comparison between the four fermion decay and
the production and decay of Higgs bosons in Z decay. When the fermions are energetic
and well separated, the effect of the fermion mass is rather small and we compare both the
massive and massless matrix elements in this region. The decay of the Z boson into four
[9,10] and even five [11,12] jets has been studied in the limit of massless partons. Since the
partial widths for the O(a?) decay into four massive quarks are easily obtained from the
helicity amplitudes presented here, we compute the partial widths for the production of four
massive quarks and make a comparison between the massive and massless approximation for

the decay of the Z boson into four quarks jets. Finally, in section 5 we summarize our results.

2 Matrix Elements

In this section we present the exact calculation of the matrix elements for the decay of the

Z boson into two pairs of massive fermions, f; and f;, of mass m, and m, respectively,

Z — fi{p) + fl(Pz) + falpa) + fa(pa)- (2.1)

This decay may occur at O(a?) via photon or Z boson exchange, or, in the case of Z —

@1f192da, at O(a?) via gluon exchange. Rather than compute the full squared matrix ele-



ments directly for each of these processes, we choose to use a spinor technique to calculate
the helicity amplitudes for the generic Feynman diagrams shown in Fig. 1 for the exchange
of a vector boson V. The full squared matrix element for a particular process may then be
constructed by summing the generic helicity amplitudes over the exchanged vector bosons
which contribute and then squaring. Fig. 1b is related to Fig. 1a by the exchange of f; « f;
(p1 & p3) and f; « f; (p2 & p4), while Figs. 1c and 1d only contribute when the fermions
are indistinguishable, fi = f3, and are obtained by exchanging f; and f; (p1 < ps) in
Figs. la and 1b. In this case, due to the exchange of anticommuting fermion fields, there is
a relative minus sign between the diagrams that ensures that each helicity amplitude vanish

when both fermions (antifermions) have identical quantum numbers.

Although the spinor technique of Ref. [13] is extremely convenient for computations in-
volving massless fermions, it is rather more cumbersome when the (anti)fermions are mas-
sive. In this method, each massive four vecior is written as a sum of two lightlike mo-
menta, and each massive (anti)fermion spinor then expressed as a linear sum of two massless
(anti)fermion spinors with opposite helicities. In general, use of this method to describe a
system containing four massive fermions would necessitate the introduction of eight mass-
less momenta. However, in the special case where each fermion is accompanied by an an-
tifermion, the two lightlike momenta describing the fermion may also be used to describe
the antifermion. For example, we can find lightlike momenta ¢, and q; which describe the

fermion pair f, f; with mass m, and momenta p, and p,, such that,

Pl =2qi +yab, qi‘“—*ﬂﬁ:—ﬁ’}i,
- , (2.2)
P = 2q; +y4i, ¢4 = T,
where, since g} = ¢ = 0,
mi = p} = p} = 22y(q1 - qa)- (2.3)

The parameters z and y can be covariantly defined in terms of the mass of the p;p, CM

system, M3, and the velocity in the CM frame, 5;,

4m?
ML= (7 +P2)2, P12 = 41— “ﬂ';f;l-, (2.4)
iz

M, Mz

’«'=T(1+ﬁu), y=T(1—3u)- (2.5)

such that,



This correspounds to the choice,
(q1-q2) =2 (2.6)

In the limit my — 0, y also tends to zero and ¢; and g; become parallel with p; and P2
respectively. In the same way, we may describe the fermion pair f,f; with mass m, and

momenta p3 and p, in terms of two lightlike momenta g3 and g,

-

Py = wqi + 24, gy = B,
— . (2.7)

—zpt

?i = wg} + 2¢4, df = i

w and z are defined in the psp, CM frame by relations analogous to egs. (2.4) and (2.5),
and, as my; — 0, z — 0. In this way the four fermion final state can be described by four

lightlike momenta, rather than eight, in a way in which the massless limit is easily taken.

As mentioned above, the spinors of the massive fermions are given by a linear combination

of two opposite helicity massless spinors. We use,

T(p) = YEo Gale) + vF 3-(0) (25)

i) = o, 0.(a) - vE i(a), (2.9)

2
wilp2) = ~ Yo (o) - Vi u-(ar), | (2.10)
u.(p2) = ‘{2312 ui (1) + vz v-(g2). (2.11)
The spinor products, s;; and s}; are given by,
35 = ty(@)u-(g;) = —sz, (2.12)
and,
55 = i-(@)us(ey) = =3, (2.13)

where uy(g:;) denotes the positive (negative)-helicity spinor associated with the lightlike
momenta ¢;. The absolute square of the spinor product s;; is related to the vector product

of ¢; and g; by,
a7 =2 (g - g;). (2.14)
For our choice of ¢, and g3, 512 = 2 €%, and, in the massless limit (y — 0), the massive and

massless spinors are identical up to an overall phase. The spinors describing f; and f; are

4



simply obtained by Lhe replacements,

"1,\(?3) = ﬁA(Pl) {91 3,42 — G4y T — WY —+ z} ) (2-15)
ua(ps) = ua(p2) {1 > @3,2 = g,z — w,y — z}. (2.16)

A convenient choice for the numerical evaluation of matrix elements expressed in terms of

the spinor products is [13],

h 4 p? - p? Y L 1 p? - p?
sij = (gf +1q7)| FT—=2 — (¢f +igd), | 55— 2.17
i={gi ) 20— s (g +iq}) P (2.17)
where,
g’ = (qg, 97 g, q:z) (2'18)
The coupling of a vector boson V with fermion F; is defined to be,
—i(v" + ¢V yg)7*, (2.19)

where v'¥ and o'V contain the coupling constants and are related to the left- and right-handed
couplings by,

r=v" Fd, (2.20)
In the case of coupling to photons or gluons, the axial coupling a‘¥ is zero and,

& =6, F=cl. (2.21)
Finally, the polarization vector of the initial Z boson is described by two more lightlike

vectors, gs and g8,
" CA - m 2.22
€ = 75— 'u.)_(q5)"y uA(qg). ( . )

By making the specific choice,

ceZ
L,R
V() + (c5)?

both the averaging over the spin of the Z boson and any spin correlations arising from the

CLp= (2.23)

production of the Z boson are automatically included.



2.1 Z - fififafe

We now turn to the helicity amplitudes describing the generic diagrams of Fig. la, denoted
by,
MGV(AI:'\hAS,'\ﬁ'\S): (2.24)

where A; (¢ = 1,4) is the helicity associated with momenta p; and A; that associated with

momenta gs (and gg). There are four independent amplitudes,
MY (+,+,+,+;+) = (wel + 2¢2) Cq PYx

CIZCIV CIZCIV chclV CIZCIV
2 * = L “R R “L . R “L L “R
m, 81283589482g - — 813815842844 -

Dl D2 D1 Dg
. [zclZcl yelZclV Y-8 4 yelZclV
+ 4813834 [“RT;-L Fi2354 — ‘"%I‘I’— Farase| — 481595, —“"%;ﬁ* Faiaae — LTgL" Fl2a3e ’
(2.25)
aV . _ v
M (+,+’+}—3+) = M3 CR .P‘-HX
2 F§
{mle =y ey -
1%
1z azZ 12 12
. . " ] cr, . . - CL Cr
("15312(331333 + 341834) ['5;‘ + E] — 821834( 335835 + 84533;) [—51— + 5‘2‘] )

mg . v . v N C
+ 818813 [CR 331834 — € 341346]

1Z 1V 1Z 1V
RCL  CL°Ch ]

2 Dy D,

2 1Z .1V 1Z AV
_m 918" [czV$353. AT ] CREL €L CR

2 28 |“R 32 L 42 D, D,

1Z .1V 1Z 1V 1Z 1V 1Z .1V
2 v - TR Cp F vey CL .F- 9 v * TCh CR f‘ —_ _EL_E.'E.._ F
+ Cp 313d4g —"'5— 12453 — —'D— 21453] — &CR 815333 "——D 21438 D3 12436
2 1 1
1Z .1V 1Z 1V

IZCIV 1ZCIV

. [zc¥e cie . [=zc c
+ 2¢1” 51583 [—"RD—R Farzae — E'LD—{'* .7:12348] — 2c}” 514834 {LDE— Frz23se — YL Ibl[‘ Fa1354
1 2 2
(2.26)

H



MY (4, — 4, +) = 2 my (wed + zcd ) Cr P2 x

}22.' },V };Z ]RV ch C}’V CILZ C}IV
* _a . * =
+ £3y984¢ ""':‘5;"""‘515323 - D, 813825 — Y912838 —D:t_513324 _5';""_ 814828

17 av [#13%1g 31581, 17 1v [$23836 3255834
+ ¢cg cg D, Frasse — D Faraze| + ct’cy D, Fa1as4 — D Fi2a3e )
1 1 2

(2.27)

MaV(+,_,+,_; +) = ny My CR P;;X

{ w+z)( Wy _ @V

¢y — ¢} )X

zc}f yeif
(" D —=C-8155]; 93283 T Sa295] + = D 513814 [835332 T S455;)
1 2

zc}? yei?
L ] L]
+ 532583, [$3153¢ + 5419%¢) — “—"-331834 [83583; + 34534 )
Dg Dl
12 .1V 1Z 1V

ZCp Cr . [ 2v . v . YCr €L « {2V 14
i waa LEST [CR 832834 — CF, 342845] + Tp s [Cn 835833 — €7 345322]
1 2

yerier 2V 2v zciicy \4 v
- . * 2 2
+ S5 82182e [CR 83583 — € 845341] — — 8158y [f—‘n 531536 — €3’ 341556
D1 D?
C}IZCIV C]RZC}QV .

R 2V e v v 2V
+ ‘“B——sxs [CL 814 Fa1a48 — Chr 5{3 -7:21435] - —D-"“Sle [CL 814 F12354 — Cr d13 -7712453]
2

C},ZC},V Vv 2v C},ZC}.,V W v
+ —=—82g [CL -5;4 Fr2a4s — Cp 3;3 -7:12436] - ——"""3;5 [CL 324 Fa13s4 — C?{ 823 -7:21453] .
Dg Dl
(2.28)
The fermion and vector boson propagators are,
. 2
Di= |3 pi—-pi| —-m}, i=1.2
= . (2.29)
= ij—p, — my, 1=3,4
i=1
and
1
Py = , (2.30)

(pi +p;)* — ME +ily My

where My and I'y are the mass and width of the vector boson V. In addition, we have used



the auxiliary function.
Fijhim = T 848 + Y 85187, + (W + 2) Sk18km- (2.31)

The terms proportional to M;* come from the p*p* piece of the V propagator. These terms
are always multiplied by m,, which ensures that the axial current is conserved when m; = 0,

and by (¢ — ¢}¥) so that the vector current is conserved for all fermion masses.

The remaining four helicity amplitudes with A\; = As = + are obtained by the replace-

ments,
MﬁV(‘*’W A21 T +) = an("i"a ’\2, +, +; +) {‘I3 — qq, Civ — c?{V ’ (2'32)
MGV(‘}"’ )‘2’ ] +; +) = Mav(‘l') ’\23 +a = +) {CEV - ci{V ’ (2'33)
while the helicity amplitudes with either A; = ~ or A; = — are given by,

MYV (= =Xy, =23, =2y +) = M“V(-i-, Az, Az, A +) {95 A Qs;cft': — Ry, (2.34)

and,
MV (A1, Az, Aa, Ag; =) = MV (A, Aay A3, Aas +) {gs + ¢6,CL & Cr}, (2.35)

where the exchange, ¢ « ci¥, is over all fermion couplings F; with all vector bosons v.

Finally, the helicity amplitudes for the generic Feynman diagrams shown in Fig. 1b are
obtained from M®*Y by the permutations,

M¥E(A, Az, A3, A5 ds) =
{(A1s Az, A3, Ags A5) - | (2.36)
Ma*(/\:,,)\hkh,\,;ks) {fh — ga,q &+ q.;,ci’ — ci‘,ml — Mg, T W, Y z}.

These permutations also imply that Dy « D3, D3 « Dy, PY. « P} and F « F where,

Fiikim = Fijiam {2 & w,y & z}. (2.37)

The full helicity amplitude for the decay of the Z boson into two pairs of different fermions
is,

M arae = 2 MV (A1, Ag, A8, 245 5) + MY (A, Az, A3, g Ds), (2.38)
v



where the sum is over all contributing vector bosons V. The summed and averaged squared

matrix elements are obtained by summing squares of the 32 contributing helicity amplitudes,

2

|M(2 =Cr Z IM;?A;A;A;A, ' (2.39)

Ai=x, i=1,5

where the colour factor Cr depends both on the fermions produced in the decay and the

exchanged bosons. For gluon exchange (Z — ¢1§14232) Cr = 2, while for 4, Z exchange,

l, Z - £1E1fzzg
Cr=1¢ 3, Z =46l (2.40)
9, Z—- aha:d

22 Z—ffff

When the Z boson decays into two pairs of like fermions, the graphs shown in Fig. 1¢c and 1d
also contribute. Although there are some simplifications from the fact that m; = my = m,
ct'r = c}'r = c}. g and zy = wz, the particular choice for the physical quark spinors (eqs.
(2.8)-(2.11), (2.15) and (2.16)) is not quite as convenient as before. Nevertheless, the generic

digrams of Fig. 1c are once again described by four independent helicity amplitudes,
M (+,+,+,+;+) = Cr Piix

2/ V2.2 < w 20 V2.2 ¥ z
{ +m(cg) cro1s85e [D—33433;z - E‘-‘-'lssiz] +m(er ) chaassie | 7= 99195 — 59218k
2 3 2

81384¢ =
— dyz(cy Yok [%—-‘-q-ﬂsxs: +
3
mi{cl — V)2
(;Taz) A.. B\

8153, S358, 81385
24 V2.2 24 26
-7:12436] — 4zw(cp)icq [ Fazne + 712354]
Dy Dy D,

_I_
(2.41)



Mcv(+:+s+a—;+) =2m Cg P;:X

V2 2 V2 2
(CL) CR - 3 (CR) C
+ w2l "R L
{ ¥ Da 81483537834 + 22—-—-*D3 315834832544

{ep)’<% .« e (ch)*c? . .
Y 812845894895 — WZ———"3198158 3
Da D, 12938

* -
V2 .Z [ 514545 & 315854 83580, - 81383
+y(ep)'er [ Fazsz + Fraase| — z(cn)?ed | =B Frame + 28 T ]
43218
D, D, (cr)’cr D, D, - 1483
4c¥ch(z — w)
+ — [ycﬁ + :ccz] 8158+
D, R 28
V.V
crep(w +2) ¢ 4
D, [wcﬂsnsga {93583, + 94533,) — zeZsy58], (331836 + 3413;6)]
vV _ vy
+ m(cg —cf) A.. B
4M32 +EE=a

(2.42)

MY (+,—,+,+;+) = 2m Cgr P};x

{ + 2y (c£)’<E (ch)?cf

- - I . -
82383539533 + WZ—————3153348143
Da D, 14948

(L)% (ch)?c?

LA LY * e L . . »
+yz D, 81283599481g + IW—DZ——513825812346

vz z [923844 £ S3583 va z [838814 = 51381g
+ z(cp ) e [ D Fazsa + Fiaae| —w(cg) Cf; Faszns + Fraas4
3 D, Dy D,

deycp(y — )

+ T_ {ch + wcg] 8358;3
V.V

cper(z+y)r 2,

SE*R\* T Y) z .
+ Ds [”%-’43346 (815834 + 92583,) — ycpssssy, (312876 + 323323)]

v VAV
_“-—4M3, -t B4t 0,

(2.43)
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MCV(+1_:+: n+) - CR P

dcfch(z +y)
z
{ + i) [22cfsaaslq (15575 + 928555) + ywelsasss, (51476 + 820836)]

4c¥ ch(w + 2)
V4 . » Z
T D, [mchszssn (831836 + s418%6) + yweF 312374 (53583, + 3453;2)]

2(CE)2C§ . 8 (CK 2‘% . %
— W 1382483589834 T ZM ———— 31582483834
D3 Da
LAY IS4 V2.2
2(cp)ck (c

* _& R) cr . _»
—ym —D-:-—-.9128458243m + zm 7313835812338

81a81g
D,

= - *
20.V\2,.2 | 342346 & 825834 2, vz z | 835831 =
+m*(ep)er [ Faasz — Frzaas| + m (cg)icq

D3 .Dg D3 -7:43216 - -7:12453]

w—-2z

2 VvV (ETTYI 2z - Z. .
+ 4mcpch ( Dy [cL.945.545 - Casss-‘iaa] +

m2(ck — cL ¥)?

z z
[CL5253;B - cﬂalss;s])

(2.44)
The contribution from the p#p* piece of the V propagator is again proportional to m (¢ —cY)
and is given by the functions A,,,, and B,,,,,

Z
CB - L * *
u4++ = + \/32‘5"812325 [2315814 + Y8258, + 2335334]
2

C
+ \/23-'55{'-3123;3 (z81581; + WS4s5y, + 2335534]
c; (2.45)
R -
+ VYU sas83 (y91285; + w3148, + 28133
3

°L
+ ,/yw~b—315.s;4 [£91383 + Y8228 + WS4a844) ,
2

cR * - . - .
A, =+ ../yzm-susw (2915574 + YS25534 + 2335534
cf
- L] L *
+ ,/yz—--slgsw [ys2533, + wsas8y, + 233535,
3 (2.46)
— T 335334 [:lez.ﬁla -+ w342843 + 2833333]

CL . = - *
Y TW, 925534 (2513836 + ¥523836 + WS43856] 5
2
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and,
Biy = —/zz 513515 — /YW 83435,
Bi- = +vaw 8148}, + \/¥Z $3433,-
The other 28 helicity amplitudes are obtained by the simple replacements,

(2.47)

MV (A, A, — A3, = A Ag) = MY (A1, A2, A3, 245 28) {23 © @, w & 2}, {2.48)
Mcv(—/\l,—Ag,z\;;,A.l;/\s) = MCV(A]_,AQ, As,A4;/\5) {q1 g, T ’y}, (2.49)
Mcv(h,f\z, A31 4\4; "/\s) = Mcv(/\h )\2,/\3, 1\451\5) {95 - ‘-IG!CR A CL} ) (2-50)

while the helicity amplitudes for final set of diagrams in Fig. 1d are obtained by the permu-

tations,
M (A1, 22,23, A5 28) = M (A3, 00,71, 225 4s) {1 © @5,01 & @,z &> w,y e 2}, (2.51)
where fhe exchanges,
F < F,Dy & D3, D; &+ Dy, and P}, & P}, (2.52)

are also implied.

The summed and averaged matrix elements for Z — ffff are given by,

CF' a 2 ¢
|M|2 - Y Z { TMA?*:AQ!A!! + lMJ‘TA’A‘A‘)“

Aj==, i=1,8

—Ir (Mfzhf\s/\u\nM:\ﬁ:-\ah)\s + M:\TK:MMMM::\?/\:—\:M%) '
(2.53)
where Ir = 1 for v, Z exchange and Iy = —1 for gluon exchange. The factor 1/4 is the

phase space reduction factor for two pairs of identical fermions. As before,
Mi‘f;,;,;,,\, =3 M (A, A2, A0, A3 As) + MV (A1, A, As, A As). (2.54)
v

To make sure that the interference between the diagrams of Fig. 1a(1b) and Fig. 1c(1d) is
included correctly, we have verified numerically that when p, = ps and p; = ps, 28 of the 32

helicity amplitudes vanish as required by Fermi statistics.

So far we have implicitly assumed that the exchanged bosons are either a photon and Z

or a gluon. In general the amplitudes for colour singlet and colour octet exchange do not

12



interfere with each other and the total width is just the sum of the O(a?) and O(a?) pieces.
However, for the case of four identical quark production only, the interference is not zero

and there is an O(aa,) contribution. The summed and averaged squared matrix elements

for this interference term are given by,

2 _ abl wcdd *abl cd8
|M| - - Z { MA;A:A;A;AgMA|A3A3A4A5 + MA[A:A;Ag.\;MﬁlAzA:(\gAI
Ai==%, i=1,5

(2.55)

ab8 wcdl +ab8 edl
+ MA;:\)A:*‘AgMAlAQA;AgAl + MllAz;\yo\.ApM‘\lA:A;A‘f\.}’

where now, M;’?‘,’:h,“% refers to the helicity amplitudes, eqs. (2.38) and (2.54), summed

over either colour singlet or colour octet exchange. The colour factor in this case is 4, which

cancels the identical particle factor of 1/4, while the minus sign is due to Fermi statistics.

2.3 The Limit Of Massless Fermions

Before leaving the subject of the matrix elements, it is intéresting to extract the massless
fermion limit, m, = 0 and m; = 0. Since helicity is conserved at each vertex for massless

fermions, the helicity amplitudes simplify dramatically and,
MOGV('*'} +, 3 +) = MDaV(+’ =+, +) = MOGV(+: B +: ! +) = 01 (2‘56)
while M%V(4 4+ 4 +:4)is given by,

MOGV(+,+, +, ) =dzw c}izc}chglVCa P;;x
(2.57)

Dy

* -
313826 . s 516824 . *
{T (z 815874 + W 835534) — (2 823835 + W 84385 ¢»
2

which, when z and w are reabsorbed into the spinor products gives the usual result [13].
The other seven non-zero helicity amplitudes and the amplitudes describing the graphs of
Fig. 1b are obtained by the usual permutations, eqs. (2.32) and (2.34)-(2.36).

The helicity amplitudes for the decay into like fermions also simplify in the massless limit,
however, due to our particular choices for the fermion spinors and the permutation symmetry
amongst the amplitudes, care must be taken. As in the unlike fermion case, there are eight

non-zero helicity amplitudes, such that both A; A4 and A;A; are positive, i.e. no helicity flips
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at the vertices. We have,
MY (4,4, 4, +;+) = Ca Pl x

3 3‘ * L]
{ - 43’2(5}7)3‘3% ["lfpi (y 81581, + 2 335332) +
3

”
915804

D, (y 2383 T 2 3433;6)J (2.58)

& L]
vy2 .z | 335824 81383¢
—dzw(cn ) ch [ 5 (z 821836 +w 34183g) + D (z 815814 + W 32583,)] ¢»
3 2

and,
MY (4, — — 4;+) = Cg PLx

4c¥ el
L“R 2, 2 * 2.z
{ D [” WCE 834530 (815974 + 92583,) + ¥ 2c5 54585, (912834 + 323853)]
3

(2.59)

4e¥ch

2,2 2,7
~ 2 [mwi e sasai (smass + suusie) + y2choranis (3593, + susala)] -
2

In the massless limit, y — 0 and z — 0 and the terms proportional to y and z in these
amplitudes do not contribute. However, the two other nonzero amplitudes with As positive

are obtained by the permutations,

MO:V(_)‘h —Az, = Az, =Ag54) = MOV (A, Ag, Aa, Ay @« 9,43 © @,z o y,w o 2},
(2.60)
and these terms do then contribute. Finally, the four non-zero amplitudes with A; negative

and the amplitudes describing the diagrams of Fig. 1d in the massless limit are given by the
usual permutations, eq. (2.51).

3 Phase Space

Once the matrix elements are known, the total width may be obtained by numerical inte-

gration over the four body phase space dLips(4),

. d*p, dan daPa dam 4
— — — — - . (3.1
dLips(4) (27)3 2E; (27)3 2E, (27)3 2E; (27)3 2E, Spz—p—p—pa =) (31)

However, due to the large peaking in the amplitudes, the phase space integral requires

extreme care. In the worst case, (Z — ffff), there are eight propagators which may
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become large in different regions of phase space. In the massless fermion case, these propa-
gators contain the infrared and collinear singularities which cause the total width to diverge
in the absence of the O(a?) radiative corrections. When the fermions are massive, these
divergences are softened into mass singularities and lead to large logarithms of the form
log(Mz/m.) ~ 19. Since the correct choice of integration variables is vital to obtain numer-

ically stable results, we will briefly describe them.

When the Z boson decays into two unlike fermion pairs, there are only six potentially

large propagators. The phase space is then divided into two regions,
S12 > Sac0r 812 < 534, (3.2)

which are related to each other by the exchange p, & p3, p3 « ps and m; « m, and where

Si;; = (pi +p;)® (not to be confused with s;;). Let us assume that S;3 < S3;. The worst

possible behaviour of the amplitudes in this region is proportional to,

1 = 1 1 + 1 (3 3)
S1a D3 Dy Si2 Era A—g‘-—Es Mz _E.i’ '

2 4

where E; is the energy of particle ¢ in the Z rest frame and E,; = E; + E3. The phase space

integral may be conveniently expressed in terms of the singular variables Sy;, E» and Ej,

f 2
dLip8(4) = 5%1!‘8 d512 dﬂ;z 1-— é:;—::—l dE]_g dE. dQ, dqb;, (3.4)

where 1 = 3 or 4. {1}, are the angles of p in the rest frame of p} + f;, while ); are the angles
of p;, and ¢; the angle of 7, + 72, around p; in the Z CM frame. The most singular parts of the
amplitudes may then be smoothed by a simple change of variables, e.g. dS;3/512 — dlog 51a.
Although the angular integrals have trivial volumina (4r for dQ3,, dQ%; and 27 for d¢;), the

limits on E; are more complicated,

1 4m}
A - N OF S - 1 3.5
E, < 5 Mz Elz e E12 12 J 1 M% 2MzE12 512 3 ( )

while the boundaries of the 53 and E; integrals depend on the fermion masses;

o My < Mmy;

M o M
4m§ < S < '—4?- and S12 < Eyp < —2Z- (3.6)
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-m1<m25%1;

M2 . [Mz M2 —-4m2+ S
4m§<512<—4—z and \/513<E12<mm[ 5 Z 2M; 2 (3.7)
. ..5..{‘;2. < My;
M} —am?+ S
am? < S13 < (Mz —2m,)?  and  fSp; < Eyy < 22— 22 ¥ Sz (3.8)

2Mz

The boundary condition 4m} < Sy;3 < M2/4 looks somewhat unnatural, however, if
V813 > Mz/2 then we cannot have vV/Ss4 > M3/2 as well and this implies Sy; > Sa4 con-
trary to the initial assumption. To obtain the full phase space, the most efficient way is to
choose either Sy3 or S34 to be the smaller and then to double the phase space volume to
account for the excluded region. Furthermore, by allowing each S;; to be chosen to be small

50% of the time, the Monte Carlo integration acts as an event generator.

The phase space for the decay of the Z boson into two like pairs of fermions is more
complicated since both S3; and Sy4 might also be small. There is no clean way to divide the
phase space into four regions with, for example, S13 < Sa, S14 and S3; which is necessary
to have a numerically stable answer. However, by dividing the phase space into two as for
the unequal mass fermions, for example S3; < Sy4, and then discarding phase space points
where 513 < S33 or 534 < Sy, the integral may be accurately evaluated. In this case, since
only one quarter of phase space is kept, the phase space volume should be multiplied by 4
rather than by 2. As in the previous case, to ensure that all regions are well sampled, one

should choose each S;; to be the smallest in 25% of the data points.

4 Numerical Results

Using the matrix elements presented in section 2 and the phase space described in the last

section, it is now straightforward to compute the partial widths for the decay of the Z boson

into four fermions,

1 2 e
- ; 4.1
I 2Mz./|M| dLips(4) (4.1)
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As already mentioned, the inclusion of the fermion masses leads to a finite result for the
partial width by modifying the infrared and collinear divergences to give a mass singular-
ity. The resuiting widths are logarithmically dependent on the fermion mass and diverge as
my — 0. This apparent disaster is rectified when the one and two loop graphs, for example,
the two loop vertex correction, which contribute at the same order in perturbation theory
are included. The mass singularity is cancelled and the total contribution to the Z width
is finite as my — 0. We have not attempted to estimate these loop corrections here and we
emphasize that the partial widths presented here should not be added directly to the total
Z width. On the other hand, realistic estimates for the observable widths may be obtained

when the fermions are energetic and well separated.

4.1 The O(c?) Partial Widths

Let us first turn to the total widths for the O(a?) four fermion decay which are shown in
Tables 1-3 for the three distinct final states, 22/, qg¢Z and ¢§q'F'. Since the decay into two
pairs of fermions in the same weak isospin doublet, e.g. Z — e*e~v.D,, is also mediated by

W boson exchange [14] we do not quote results for these decays.

As is clearly seen in Tables 1-3, the largest widths occur when the fermions are as light as
possible. This is due to the effects of the mass singularity. The dominant contributions have
the following typical event structure; one pair of back-to-back fermions with an invariant mass
close to Mz generated by the decay of the Z boson with one of the fermions accompanied by a
second pair of soft fermions arising from the conversion of an almost collinear virtual photon.
Lighter fermions allow the virtual photon to be closer to its mass shell and lead to a larger
contribution to the width. One exception to this, however, is four neutrino production which
is only mediated by Z exchange. Consequently, there are no soft or collinear divergences.

The total contribution is,
S I(Z — vivi) = 19.5 eV, (4.2)

which is equivalent to increasing the Z width by 1.16 x 10~7 neutrino generations. In fact,
the pure Z exchange contributes at the level of a few eV in all decays, and, compared to the

pure photon exchange contribution, is negligible.

The results presented here differ by a factor of two from the preliminary results quoted
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in Ref. (8], due to a double counting in the phase space. There is also an approximate factor
of two difference between Table 2 and Ref. [4], however, the difference is more fundamental
in decays involving r leptons and light quarks. Let us now be more specific and attempt to
resolve this difference. To do this, we consider the production of ui@ or dd pairs in association
with either e*e™ or 7¥r~. In the case of ggete™ production, the electrons originate mainly

from the virtual photon (m, « m,) so that ' ~ (v3 + a2) €3 and,

ot - 2, .2 2
P(Z—vmfe e ),._,v“+a“i‘é.g3_1’ (4.3)
[(Z — ddete-) v3+ad €2

which is in good agreement with the entries in Table 2. (Since we use m, = my, any quark
mass effects cancel in the ratio.) In T*r~ production, the situation is reversed (m, >
m,) and the quarks are preferentially produced by the photon. The total width is now

proportional to the square of the quark charge, ' ~ €2 and,

I(Z - uwirtr™) €l
- ~ =4, 4.4
[(Z — ddr+r-) €3 (4.4)

Again, this agrees well with the entries in Table 2 and disagrees with Ref. [4] which finds a
ratio of only 2.5.

To illustrate the pronounced effects of the fermion mass, we consider the decay Z —
uadtf~, where £ = e, u, 7. This covers the three regions m, < m,,, my, ~ m, and m, > m,.
The invariant mass distributions of the lepton pair, mg4 -, and quark pair, m.g are shown in
Fig. 2. The two distributions are correlated - a small value of m4 -, corresponding to a soft
virtual photon, ¥* — £+£~,is balanced by a large value of mg arising from Z — uiiy* decay,
and vice versa. The small m,g (v* — uil) and large my+,~ (Z — £+€ ") regions depend
only on m, and are insensitive to the lepton mass. Conversely, the large myg (Z — utiy*)
and small me+ s~ (7v* — £+£") regions are extremely dependent on the lepton mass and show
the diminishing contribution of the photon pole as m, increases. Since the bin size (2 GeV)
is much larger than the mass of both the muon and electron, the my+,~ distributions for

Z — uiiete” and Z — wiiptp~ differ only in the first bin, peaking at 1.7 1073 for electrons

and 1.9 10~ for muons.

In the same way, the lepton energy spectrum, dI'/dEy , shows the same underlying struc-
ture. The large E;+ region is dominated by leptons produced directly by the decaying Z

boson and is independent of the lepton mass, while the contribution at low E;+ due mainly
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to lepton production from the conversion of a virtual photon drops rapidly with increasing

Tmeg.

It is clear that the dominant part of the four fermion decay width occurs when the fermions
are either very soft, Ey ~ 0, or when they are not well separated, 8,4 ~ 0. It is precisely
these regions which are difficult to observe experimentally. A more relevant experimentally
observable quantity, however, is the partial width for the decay of the Z boson into four
energetic well-separated fermions. To simulate experimental particle separation requirements

we impose a cut on the invariant mass of all fermion pairs, m ## > 10 GeV. For our illustrative

case we find,
IZ - uieTe ) =T(Z - vitp*y™) ~ T(Z — witrtr") ~ 1.6 keV, (4.5)

corresponding to a branching ratio of 6.4 x 10~7. The mass dependent singularities have
been removed by the cut on the invariant mass of each fermion pair, and the partial widths

are now almost independent of the fermion mass.

In Tables 4-6 we show the O(a?) contributions to the partial widths for Z boson decay
into {HL7 £+, qg€tL~ and ¢gq'7 with an invariant mass cut of 10 GeV on each possible
pairing of fermions. The results in the massless limit are shown in parentheses. In all cases,
even for decays involving b quarks, the massless approximation agrees well with the exact

result. The total width for the decay into four ‘well separated energetic’ leptons is,
N T(Z — 4207) ~ 4.4 keV, (4.8)

while the partial width for the production of a large mass isolated lepton pair accompanied

by hadrons is,
3" T(Z — tigg) ~ 13.4 keV. (4.7)

These widths correspond to branching ratios of 1.7 x 10~® and 5.3 x 10~% respectively, and
should easily be within the range of experiments at LEP. Finally, the O(a?) contribution to
Z decay into four ‘well separated quark jets’ is 8.3 keV. Although this leads to an observable

rate, it is swamped by the O{a?) decay into four quarks which we will discuss in section 4.3,

and the even more important Z — gggg decay.

Not only is the total rate independent of the fermion mass, but the invariant mass and

energy distributions for the three Z — u@if* £~ decays, shown in Figs. 4 and 5, are extremely
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similar. In fact, the distributions for £ = e and £ = p are identical within the statistics of
the Monte Carlo, and we show one curve for £ = e = . A small effect due to the mass
of the r is visible at small ms+,~ (and hence large m.g and small E,+. This effect is now
at the few percent level. There is still a peaking towards small invariant masses due to
the photon pole, however, the peak in the lepton energy distribution has been completely
removed. Furthermore, the small differences between the my+,- and m,; distributions are
due more to the different couplings of the up quark and charged leptons with the Z than
the difference in mass. In fact, since the mass dependence has been almost totally removed,
taking the limit of massiess fermions should be a good approximation. In Figs. 4 and 5,
we also show the massless approximation to the partial width. Within the Monte Carlo
statistics no difference between the massless case and the results for I = ¢ and [ = i can be

observed. This test provides both a check on the full calculation and a much faster way of
estimating the partial width.

4.2 Z—Hp*py — ffutp

One practical application of the four fermion decay is in evaluating the background to Higgs
production at the Z resonance. As mentioned earlier, due to the large HZZ coupling, the
branching rate for the Bjorken process [5] of eq. (1.1) may be as large as 10~2. The Higgs
boson then decays preferentially into the heaviest allowed fermion pair, namely H — b,
c¢Z and 777, leading to a final state containing four fermions. In this section we compare
the two decays specifically for the case when the virtual Z boson decays into a muon pair,

Z* — u*pu~, and, since it is difficult to efficiently distinguish quark jets of different flavours,

we sum over all possible quarks, Z — qgu*pu-.

Although the total rates are comparable, the two mechanisms lead to rather different
distributions in both m,,, and my4 as shown in Figs. 6 and 7. The muons from the virtual Z
in the Z — Hu*u~ decay have an invariant mass peaked as close to Mz as possible, while
the muons produced in the Z — ggu*p~ decay are peaked at both small and large invariant
mass reflecting the two contributions from 4* — ptx~ and Z — ptp~v*. The dominant
part of the background is at small invariant mass and is easily removed by a cut on the
lepton pair invariant mass. As can be immediately seen from Fig. 6, the four fermion decay

of the Z boson does not provide a serious background for Higgs bosons with mass mg < 45
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GeV.

The invariant mass of the quark pair is, in principle, an accurately measurable quantity

since, by momentum conservation, it can be determined directly from the lepton momenta,
meg = Mi — 2Mz(Eus + Ey-) + mly .. (4.8)

The experimental resolution on the invariant mass of the quark pair is therefore determined
by how accurately the lepton momenta are measured, and, when the leptons are energetic
{which is the case when the Higgs boson is light) the resolution on Mgy may be quite poor.
The two processes lead to quite different m,, distributions: The quarks from the Higgs decay
bave an invariant mass peaked at my, while those from the four fermion decay exhibit a
similar structure to the m,,- distribution. Fig. 7 shows the m,; distribution assuming a
resolution of 2 GeV. With this resolution, the signal clearly stands above the background
provided my < 45 GeV. However, by making a cut on the invariant mass of the lepton pair,
M4y~ > 20 GeV, the background is reduced by well over an order of magnitude at large
Ty, While the signal is almost unaffected. This is summarised in Table 7, where we give the
number of events from both the signal and the background per GeV of resolution for a data
sample of 10" Z events. Since the width of the Higgs boson is very small, 'y ~ 2 MeV for
mg = 50 GeV, the signal events all populate one bin. The number of background events,
however, is obtained by integrating dI'(Z — qgutu~)/dmys over a range of m,; which de-
pends on the experimental resolution. The signal clearly dominates provided the resolution
is less than a few GeV, and the four fermion decay is therefore not a severe background to

Higgs detection in Z decay.

4.3 The O(a?) Partial Widths

Approximately 70% of Z bosons decay hadronically, and therefore provide a good testing
ground for QCD. The strong interaction is important both in radiatively correcting the total
Z width and in introducing new decay topologies. The full O(a?) corrections to the Z width
have recently been computed (15] and lead to an increase in T'; of about 5 MeV, which is to
be compared with the more important O(a,) contribution [16] of about 90 MeV. Meanwhile,
the exact leading order QCD matrix elements for four jet [9,10] and five jet [11,12] decay

have also been computed in the limit of massless partons. In this section we give the (finite)
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results for the production of four massive quarks at O(a?) and make some comparisons with

the massless case.

The partial widths are shown in Table 8 where we have taken my =myg=m, = 0.3 GeV
which represents a typical hadronic mass scale, m. = 1.5 GeV and m; = 4.5 GeV. We have
taken the running strong coupling constant to be, a,(M3) = 0.11 which is the value extracted
from determinations of a,(Q?) at lower Q? [17]. Due to the fact that the exchanged gluon

is massless, the partial widths increase with decreasing quark masses. Since QCD is flavour

blind, we find, 2 . .
R

NEido ~ e =0 (49

where all mass effects have cancelled in the ratio, and which agrees well with Table 8. Further-

more the widths for the production of a heavy quark with any light quark are approximately

equal,

I'(Z — QQua) ~T(Z — QQdd) = T(Z — QQs3), (4.10)

which is in good agreement with Table 8 for both ¢ and b quarks. For identical light quark pro-
duction, there is Little interference between the contributions from Figs. la,b and Figs. 1c,d
due to the rather distinct kinematic configurations of the dominant regions of phase space

and the following relations are also obeyed,

I(Z — utiui) vl 4 g?
= o~ u u = 0. 4.11
I{Z — vidd) v2 4 a2 + vi+ af 44, ( )
and,
NZ - dddd) (4.12)

I'(Zz — dd-ai)
In both cases, the entries in Table 8 are slightly smaller reflecting the destructive interference
caused by the colour factor, Tr(ToT*T*T*) = —3, between the two sets of diagrams. This

contrasts with the O(a?) process where there is a slight constructive interference.

One sees that the total contribution is around 130 MeV (in contrast to the O(a?) con-
tribution of only 0.17 MeV), which reflects the fact that we have not considered the loop
diagrams which also contribute at O(a?). These virtual corrections cancel the mass singu-
larities and reduce the contribution to the full width. On the other hand, the four & quark
final state, Z — bbb, is in principle completely identifiable since the decay products of soft
b quarks can be detected. For a data sample of 107 Z decays, there will be approximately
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1400 events containing four b quarks. One can apply similar arguments for decays involving

¢ quarks, yielding 6300 czct events and 9400 cébd events in the same data sample.

The light quarks, however, are not directly identifiable and appear as jets of hadrons. Two
frequently used methods to define jets are using either the Sterman-Weinberg jet resolution

parameters € and § (18], or by imposing a minimum invariant mass on each parton pair,
> Ymin. (4.13)

Both methods have been used in lower energy e*e~ experiments and agree well with the
data [19]. In Fig. 8 we show the ymin distribution both summed over all quarks and for the
bbbb final state. The rapid growth as ymi, — O reflects the mass singularity once more, and,
in the limit m; — 0 would diverge. The bbb contribution, however, vanishes at Ymin ~ 0.01
due to threshold effects. For comparison, we also show in Fig. 8 the result for massless
quarks where we have imposed the cutoff m;; > 10 GeV. Unsurprisingly, the distribution
summed over all quarks is well described by the massless result, while the .bEbE distribution
is slightly harder than in the massless limit.

As mentioned in section 2, there is an O(aa,) contribution to the Z decay width into
four identical quarks, which is suppressed by O(a/a,) relative to the O(a?) partial widths.
Furthermore, since this contribution arises solely from the already small cross terms, there

is a further suppression. We find,

I{Z — uiiui) = 55 keV,

NZ ~ dddd) = 17 keV, (4.14)
[(Z — cécg) = 24 keV,
T(Z — bbbb) = 1.2 keV,

while the T'(Z — s3s3) partial width is identical to that for the decay into four d quarks.
These widths, which are large compared to the O(o?) partial widths are nevertheless still

very small, ~ 1%, compared to the O(a?) contribution.

As a final comment, let us note that although the Z — g¢jgg rate is quite large, I' ~ 3 MeV
101 Ymin > 0.02, compared to the full O(a?) contribution of 5 MeV, the Z — gggg rate is
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much larger [9,10].

5 Conclusions

In conclusion, we have studied the four fermion decay of the Z boson keeping all dependence
on the fermion masses and have presented some numerical results for both the O(a?) and
O(a3) decay. These decay widths, which are finite when integrated over all phase space,
were computed using the helicity amplitudes presented in section 2. However, the partial
widths are logarithmically dependent on the fermion mass, and, in the absence of the one
and two loop radiative corrections that contribute at the same order in perturbation series,

should not be directly added to the total Z width.

On the other hand, distinct event topologies may occur, for example, four lepton events, or
lepton pairs recoiling against one or two hadronic jets. In these cases, the energy/momentum
and separation criteria necessary to experimentally identify the final state, dramatically re-
duce the observable branching fraction. We have attempted to simulate realistic detector
requirements by requiring that all pairs of fermions have an invariant mass, m f1 > 10 GeV.
In this case, the effect of the fermion mass is much reduced and the full massive matrix
elements are well approximated by the massless matrix elements also given in section 2.
Typical branching ratios for the decay into four ‘well separated energetic’ fermions are
Br(Z — £{0%0") ~ 1.7 x 107® and Br(Z — £+£-q3) ~ 5.3 x 10~® and which are
well within the range of experiments at LEP.

Another source of four fermion events is the production and decay of the Higgs boson
via the Bjorken mechanism. We have made a direct comparison between the Higgs boson
signal and the four fermion decay and find that, due to the rather different topologies, the
background may be easily suppressed by making an invariant mass cut on the lepton pair,
leaving a clear Higgs boson signal which is only limited by the integrated luminosity. Given

107 Z boson events, the Higgs boson may be clearly seen above the four fermion background
for mg < 60 GeV.

We have also presented estimates for the O(a?) four quark jet final state, although in this

case, the dominant contribution to four jet events is Z — ¢dgg. Once again, the massless
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matrix elements are a good description of the full massive matrix elements for reasonable jet
definition criteria. Finally, we found a significant branching fraction rate for Z boson decay

into four heavy quarks,

T 534 1073, (5.1)
Les
Disee _ 6.3 1072, (5.2)
Ty

and,
T g1 x 10+, (5.3)
INY;
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Table 1

The O(a®) partial width for the decay Z — £££'¢' in MeV. For the numerical results
we have taken Mz = 91.1 GeV in accordance with the latest results from LEP and
SLC, while the Weinberg angle is defined in terms of the Fermi constant and the

running electric coupling constant, a(M3z), yielding sin® f = 0.23.

Z — e ete~ pTpe rtr= Vel vub,
ete” 0.27 0.28 0.17 - 6.5-10"®
utu~ 0.28 0.033 0.031 6.5-10"8 -
Tt 0.17 0.031 0.0032 6.5 - 10-8 6.5-10"°
VeD, - 6.5.10"8 6.5-10"8 3.1.10"8 3.4.107¢
v, 6.5-10"¢ - 6.5 .10~ 34-10"8 3.1-107®

Table 2

The O(a?) partial width for the decay Z — ££gg in MeV. For the light quark masses
we choose, m, = my = m, = 0.3 GeV, which represents the typical hadronic mass

scale, while for the heavy quarks, we take, m, = 1.5 GeV and m; = 4.5 GeV.

Z — qgtl uil dd 33 cé bb
ete” 0.37 0.12 0.12 0.29 0.07
ptu 0.07 0.021 0.021 0.048 0.012
rtr- 0.026 0.007 0.007 0.010 0.0015

7 5.5.10°° 41.10¢ 41.10-° 5.5.10"8 38-1076
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Table 3

The O(a?) partial width for the decay Z — qgg'g in MeV. For the light quark
masses we choose, m, = mg = m, = 0.3 GeV, which represents the typical hadronic

mass scale, while for the heavy quarks, we take, m. = 1.5 GeV and m;, = 4.5 GeV.

Z — q3q'{ ui dd 83 cé bb
uit 0.034 . 0.019 0.039 0.009
dd - 0.0028 0.0055 0.010 0.0022
83 0.019 0.0055 0.0028 - 0.0022
cé 0.039 0.010 - 0.008 0.0026
bb 0.009 0.0022 0.0022 0.0026 0.0001
Table 4

The O(a?) partial width for the decay Z — £+£~¢+¢'~ in keV with an invariant
mass cut on each fermion pair, myss > 10 GeV. The figures in parentheses are the

results from making the approximation that the fermions are massless.

Z — ey ete” utu~ rtr-
ete- 0.53 (0.54) 0.90 (0.90) 0.95 (0.90)
ptp~ 0.90 (0.90) 0.52 (0.54) 0.95 (0.90)
rtr- 0.95 (0.90) 0.95 (0.90) 0.59 (0.54)




Table 5

The O(a®) partial width for the decay Z — £+£~qF in keV where an invariant

mass cut on each fermion pair of myy > 10 GeV has been imposed. The figures

in parentheses are the partial widths obtained in the limit of massless fermions.

Z — qqtl uil dd 33 c@ bb
ete™ 1.6 (1.8) 0.38 (0.38) | 0.38 (0.38) 1.6 (1.8) 0.42 (0.38)
ptp- 1.6 (1.6) 0.38 (0.38) | 0.38 (0.38) | 1.62 (1.6) | 0.43 (0.38)
e 1.67 (1.6) | 0.40 (0.38) | 0.40 (0.38) | 1.69 (1.6) | 0.45 (0.38)

Table 6

The O(a?) partial width for the decay Z — ¢gq’¢’ in keV. All pairs of fermions are

required to have an invariant mass, my; > 10 GeV. The figures in parentheses are

the partial widths obtained in the limit of massless fermions.

Z — q3q'q uil dd 83 cE bb
ui 1.1 (1.1) . 0.58 (0.58) | 1.9 (1.9) 0.64 (0.58)
dd - 0.078 (0.078) | 0.15 (0.15) | 0.60 (0.58) ] 0.17 (0.15)
38 0.58 (0.58) | 0.15 (0.15) | 0.078 (0.078) - 0.17 (0.15)
¢t 1.9 (1.9) | 0.60 (0.58) - 1.18 (1.1) | 0.66 (0.58)
bd 0.64 (0.58) | 0.17 (0.15) | 0.17 (0.15) | 0.66 (0.58) | 0.094 (0.078)
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Table 7

The number of gqguty~ events from both the signal, Z — Hutp~ — qautp-
with the branching ratio for Higgs decay into ¢ and b quark pairs folded in and
the background per GeV of resolution for a data sample of 107 Z bosons (f Ldt ~
250 pb~?). The effect of the m, 4 ,- cut on the signal is shown in brackets.

Z — qgutp
my (GeV) Z— Hpty™ — qiutu~ no cut My+u- > 20 GeV
5 1017 (1011) 8.2 8.0
15 408 (403) 1.2 0.79
25 168 (163) 0.94 0.19
35 67 (64) 1.5 0.097
45 24 (21) 2.1 0.084
55 7.1 (5.4) 3.5 0.075
65 1.4 (0.6) 5.5 0.043

Table 8

The O(a?) partial width for the decay Z — ¢gq'7’ in MeV. For the light quark
masses we choose, m, = my = m, = 0.3 GeV, which represents the typical hadronic
mass scale, while for the heavy quarks, we take, m. = 1.5 GeV and m; = 4.5 GeV.
The strong running coupling constant is a,(M%) = 0.11.

Z — qqq'g ud dd 83 1 € bb
ui 7.0 16.8 16.8 8.7 8.0
dd 16.8 9.3 19.2 9.1 7.9
55 16.8 19.2 9.3 9.1 7.9
cé 8.7 9.1 9.1 1.6 2.4
bb 8.0 7.9 7.9 2.4 0.35
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Figure Captions

Fig. 1: The Feynman diagrams for the decay Z — f,fif2f2 mediated by the exchange of

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

vector boson V.

: The invariant mass distribution of (a) the lepton pair, dT'/dmys,- and (b) the up

quark pair, dI'/dm.g, for the decay Z — wif*f~ where £ = e, p and T.

: The lepton energy distribution d['/dE,+ for the decay Z — uiil*{~ where £ = e,

4 and T,

* The invariant mass distribution of (a) the lepton pair, dT'/dmgs - and (b) the up

quark pair, dI'/dm.g, for the decay Z — uiftf{~ where { = ¢ = pand £ = 1
with an invariant mass cut on all possible fermion pairs, myp > 10 GeV. The

approximate distribution resulting from the use of the massless matrix elements is

shown crossed.

¢ The lepton energy distribution dI'/dE,+ for the decay Z — witdt{~ where £ =

¢ = p and { = r with an invariant mass cut on all possible fermion pairs, myep >

10 GeV. The approximate distribution resulting from the use of the massless matrix

elements is shown crossed.

: The invariant mass distribution of the muon pair, dI'/ dm,+,-, produced in both

Z — qfp*tp~ decayand Z — Hputp~ — ggptp~ decay for myg = 5, 15, 25, 35, 45,
55 and 65 GeV. The branching ratio for Higgs decay into heavy quarks, H — bb
and H — ¢, has been folded into the signal, while the background is summed

over all quark flavours. The contribution from Z — bbu+pu~ is shown separately.

: The invariant mass distribution of the quark pair, dl'/dm,; produced in both

Z — qqutyu~ decay and Z — Hutp~ — qgutp~ decay for mg = 5, 15, 25, 35,
45, 55 and 65 GeV. Both H — bb and H — c& decays are included in the signal,
while the background is summed over all quark flavours. We aiso show the effect

of making a cut on the invariant mass of the muon pair, Myt > 20 GeV.

: The ymin distribution, dI'/dyumin, for the O(a?) Z — qqg decay summed over all

™m
combinations of quarks where ymin is defined as the minimum value of ﬁaﬁ The
F1

contribution from Z —+ bbb} is shown separately. As a comparison, we also show,
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as crosses, the distributions obtained using the massless matrix elements where we

have imposed the invariant mass cut, msp > 10 GeV on all quark pairs.
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